r Membrane rafts (MRs)-redox signalling pathway is activated in response to transforming growth factor-β1 (TGF-β1) stimulation in renal tubular cells. r Inhibition of this pathway attenuated renal inflammation and fibrosis in AngII-induced hypertension.
Introduction
Tubulointerstitial fibrosis is the common final pathway of diverse forms of chronic renal disease that contributes to both organ insufficiency and failure (Mao et al. 2008) . Transforming growth factor-β1 (TGF-β1) plays a pivotal role in the progression of renal fibrosis, by promoting renal tubular epithelial-mesenchymal transition (EMT), resulting in increased synthesis and accumulation of extracellular matrix (ECM) proteins, and the inhibition of their degradation (Qiao et al. 2015) . During EMT, tubular epithelial cells are transformed into myofibroblasts through a stepwise process, including loss of cell-cell adhesion and E-cadherin expression, de novo α-smooth muscle actin (α-SMA) expression, actin reorganization, tubular basement membrane disruption, cell migration, and fibroblast invasion with production of profibrotic molecules such as collagen types I and III and fibronectin (Bedi et al. 2008) .
It has been well documented that membrane rafts (MRs) are enriched in cholesterol with saturated acyl chains such as sphingolipids and glycosphingolipids, and that raft formation is driven by lipids and protein interactions (Lang, 2007; Vetrivel & Thinakaran, 2010; Xu et al. 2012) . Lysosome was trafficked to the plasma membrane and fused with plasma membrane in response to Fas ligand (FasL), tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) and angiotensin II (AngII) stimulation in coronary arterial endothelial cells and in mesenteric endothelial cells. During lysosome fusion, sphingomyelin phosphodiesterase 1 (SMPD1, encoded by the SMPD1 gene), also known as lysosomal acid sphingomyelinase (ASMase), is translocated to the plasma membrane and activated there (Han et al. 2011 (Han et al. , 2016 Li et al. 2013) . The product of SMPD1, ceramide, then triggers clustering of MRs and the subunits of NADPH oxidase, leading to activation of this enzyme (Han et al. 2011 Li et al. 2013) . Notably, it was found that translocated lysosomal V-type proton ATPase subunit E2 (encoded by the Atp6v1e2 gene) critically contributes to the formation of a local acid microenvironment to facilitate activation of SMPD1 and consequent MR aggregation . This signalling pathway represents the initial pathological change of endothelial cells and may finally lead to coronary atherosclerosis and hypertension Han et al. 2012) . Callera et al. (2011) reported that c-Src activation via trafficking to the MR domain and phosphorylation mediates the pro-inflammatory signalling in response to aldosterone stimulation in vascular smooth muscle cells. However, it remains largely unknown whether MRs are activated and play a role in vivo.
It has been reported that NADPH oxidase plays a critical role in EMT in response to various stimulations including TGF-β1, AngII, glucose and advanced oxidation protein products in various cell types including renal tubular cells, peritoneal mesothelial cells, intestinal epithelial cells and melanoma cells (Rhyu et al. 2005; Chang et al. 2011; Liu et al. 2012; He et al. 2015; Das et al. 2016; Xu et al. 2017) . However, the mechanisms underlying how NADPH oxidase is activated in response to these stimulations remain largely unknown. In the present study, we hypothesized that the MRs-redox signalling pathway contributes to TGF-β1-induced EMT in renal tubular cells, and inflammation/fibrosis in AngII-induced hypertension. Predesigned Atp6v1e2 small hairpin RNAs (shRNA) and SMPD1 shRNA were delivered to renal tubular cells to evaluate the involvement of the MRs-redox signalling pathway in TGF-β1-induced EMT. Next, both shRNAs were transfected into kidney to evaluate whether the MRs-redox signalling pathway is involved in inflammation and fibrosis in AngII-induced hypertension. Our results show that the MRs-redox signalling pathway plays a critical role in TGF-β1-induced renal tubular EMT in vitro, and is involved in renal inflammation/fibrosis in AngII-induced hypertension in vivo.
Methods

Ethical approval
The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (NIH Publication No. 85-23, revised 1996) , was approved by the Ethics Review Board of Ruijin Hospital, and conforms to the principles and regulations described by Grundy (2015) .
Cell culture and animal treatment
NRK-52E cells, a rat renal tubular cell line, were purchased from the cell bank of Shanghai Institutes of Biological Sciences, and maintained in DMEM/Ham's F12 (DMEM/F12) medium, supplemented with 10% fetal calf serum (FCS), glutamine (2 mM), penicillin (100 IU/ml) and streptomycin (100 μg/ml). Cells were cultured at 37°C in a humidified atmosphere of 5% CO 2 in air (Han et al. 2010 . For EMT experiments, cells were treated with 10 ng/ml TGF-β1 for 48 h.
Male Sprague-Dawley rats (ß 280 g) were purchased from the Shanghai Experimental Animal Center, China. Four groups of animals were included: vehicle infusion + control plasmids (control), AngII infusion + control plasmids (AngII), AngII infusion + Atp6v1e2 shRNA plasmids (AngII + Atp6v1e2 shRNA), and AngII infusion + SMPD1 shRNA plasmids (AngII + SMPD1 shRNA). Rats were anaesthetized with isoflurane (2%) throughout the surgery. AngII (Sigma-Aldrich, St Louis, MO, USA; 200 ng/kg/min) was infused for 2 weeks using ALZET mini-osmotic pumps (model 2002) implanted intraperitoneally during the surgery above. Systolic blood pressure was measured weekly by a tail-cuff method.
Transfection of DNA into cells and kidney
Predesigned rat Atp6v1e2 shRNA (SKU, TG707501; shRNA sequence, ATAGACGCCAAGGCAGAGGAA-GAGTTCAA) and rat SMPD1 shRNA (SKU, TF700757; shRNA sequence, TCTGGCAACAGTCTCGACAAGAT-CAGCTA) were from Origene (Rockville, MD, USA). Plasmid transfection into NRK-52E cells was performed using TurboFection 8.0 (Origene) as per the manufacturer's instructions. Transfection of shRNA into rat kidneys was performed as we have described previously (Yi et al. 2009; Zhu et al. 2011 Zhu et al. , 2012 . In brief, rats were anesthetized with 2% isoflurane, the abdomen was opened and the kidney was exposed, and the renal artery and vein were temporarily blocked. Then, 50 μg of plasmids mixed with 8 μl of in vivo jetPEI (Polyplus Transfection, New York, NY, USA) in 10% glucose (600 μl) was injected into the kidneys via the left renal artery. After injection, an ultrasound transducer (Sonitron 2000, Rich-Mar, Chattanooga, TN, USA) was applied directly onto the kidney with an output of 1 MHz at 10% power for a total of 60 s with 30 s intervals. Finally, the renal artery and vein were unblocked to recover renal blood flow: the total blockage time was less than 5 min. This technique has been shown to effectively deliver DNA into the renal cells without toxicity to the kidney (Newman & Bettinger, 2007) .
Confocal analysis of MR clusters
MR staining was performed as previously described . In brief, monosialotetrahexosylganglioside (GM1) enriched in MRs was stained by Alexa 488-labelled cholera toxin B (Alexa 488-CTXB 1 μg/ml, 2 h, Molecular Probes, Eugene, OR, USA). Staining was visualized through sequentially scanning on a confocal laser-scanning apparatus (Zeiss LSM510), equipped with a 60× objective. The vast majority of resting cells displayed a homogeneous distribution of fluorescence throughout the membrane, and these cells were marked as negative; clustering was defined as one or several intense spots or patches in each cell; results are given as the percentage of cells showing one or more clusters after the indicated treatment.
Measurement of reactive oxygen species by dihydroethidium imaging
Dihydroethidium (DHE) was used to evaluate the amount of oxidant formation as described previously (Leung et al. 2016) . Cells were incubated in Krebs solution containing 5 μmol/l DHE (Life Technologies, Inc., Rockville, MD) for 10 min at 37°C. Samples were examined with a confocal laser-scanning apparatus (Zeiss LSM510) at an excitation/emission of 488/605 nm.
Immunofluorescence microscopy
Immunofluorescence staining was performed using cultured renal tubular cells on cover slips as described previously . After fixation, the cells were incubated with goat anti-E-cadherin (Abcam, Cambridge, MA, USA; ab76055), mouse anti-α-smooth muscle actin (α-SMA) (R&D Systems, Minneapolis, MN, USA; MAB1420) or goat anti-fibroblast-specific protein-1 (FSP-1; 1:50 dilution) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies, respectively, at 4°C overnight. After washing, the slides were incubated with corresponding Alex-555-labelled secondary antibodies and then mounted and subjected to examinations using on a confocal laser-scanning apparatus (Zeiss LSM510). These experiments were performed to observe the changes of EMT markers in renal tubular cells. Integrated optical intensity (IOD) was calculated by using image-pro plus v6.0 software (Media Cybernetics, Silver Springs, MD, USA).
Measurement of renal blood flow and harvest of kidney
A factory-calibrated flow probe (1RB series, Transonic Systems, Ithaca, NY, USA) was placed around the left renal artery and covered in conducting jelly, and renal blood flow was measured as described previously (Hamza J Physiol 596.16 & Kaufman, 2004) . Rats were anaesthetized with pentobarbital (50 mg/kg I.P.) and quickly decapitated. The kidneys were cut longitudinally. Half of the kidney was fixed in 10% neutral buffered formalin and the other half was frozen in liquid nitrogen and stored at −80°C.
Histology and immunohistochemistry
Kidneys were fixed in 4% paraformaldehyde, embedded in paraffin and cut into 4 μm paraffin sections. Changes in renal morphology and fibrosis were evaluated using Masson trichrome staining. Immunohistochemistry was performed as described previously . Slides were deparaffinized in xylene and hydrated in a graded ethanol series. All sections were then incubated with anti-fibronectin antibody (Abcam, ab45688), anti-α-SMA antibody (R&D Systems, MAB1420) and horseradish peroxidase (HRP)-labelled goat anti-rabbit/mouse polyclonal antibody. The slices were then developed with 3,3-diaminobenzidine (DAB) for colour reaction, and counterstained with haematoxylin.
Isolation and characterization of proximal tubular cells
Renal tubular epithelial cells were isolated as previously described (Brendler-Schwaab & Herbold, 1997) . In brief, rats were anaesthetized with isoflurane and kidneys were harvested after cardial perfusion with Hanks 199 medium (22340-020, Gibco, Life Technologies) with 0.5% Collagenase Type I (Worthington Inc., Lakewood, NJ, USA). Kidneys were digested at 37°C in a bubble-agitated collagenase I solution for 40 min, the resulting crude suspension was filtrated over gauze mesh of size 250 μm and subsequently centrifuged at approximately 500 g for 30 s. The resulting pellet was resuspended in 30 ml, and the suspension was carefully underlaid with 5 ml of 100% Percoll using a syringe. Subsequent centrifugation was performed at 17,200 g and 4°C for 15 min. The layer directly above the 100% Percoll cushion was collected for flotation assay, measurement of SMPD1 activity and reactive oxygen species (ROS) measurement with lucigenin. Finally, we evaluated the expression of the proximal tubular brush border enzyme, alkaline phosphatase, as described previously (Terryn et al. 2007) . Results show that the mRNA level and protein level of both Atp6v1e2 and SMPD1 were significantly decreased when NRK-52E cells were transfected with their respective shRNAs (data not shown). The effectiveness of both shRNAs was further confirmed in our in vivo study. Renal tubular cells were isolated in the four groups of rats at the end of treatments, and Atp6v1e2 and SMPD1 protein levels were then evaluated by western blot assay. Protein levels of Atp6v1e2 and SMPD1 were significantly lower in proximal tubular cells isolated from rat kidneys transfected with Atp6v1e2 and SMPD1 shRNAs compared with those from control shRNA (data not shown). These results suggest that both shRNAs work efficiently in vitro and in vivo.
Floatation of MR fractions
Detergent-resistant membrane fraction flotation was used to evaluate MR clustering in kidney . In brief, isolated renal tubular cells were layered onto a step gradient consisting of 40%, 30% and 5% OptiPrep Density Gradient medium, and the samples were then centrifuged at 32,000 rpm for 30 h at 4°C using a P40ST rotor. Fractions were collected from top to bottom. After addition of an equal volume of 30% trichloroacetic acid, the precipitated proteins were spun down by centrifugation at 13,000 rpm at 4°C for 15 min. The protein pellet was carefully washed with cold acetone and then used for immunoblot analysis.
Assay of SMPD1 activity
The activity of SMPD1 was measured as described previously (Yi et al. 2004) . Briefly, isolated renal tubular cells (20 μg) were incubated with 0.02 μCi of
N-methyl-[
14 C]-sphingomyelin in 100 μl acidic reaction buffer containing 100 mmol/l sodium acetate, and 0.1% Triton X-100, pH 5.0 at 37°C for 15 min. The reaction was terminated with 1.5 ml chloroform/methanol (2:1) and 0.2 ml double-distilled water. After vortexing and centrifuging at 1000 g for 5 min to separate into two phases, the upper aqueous phase containing the N-methyl-[
14 C]-sphingomyelin metabolite, 14 C-choline phosphate, was measured in a Beckman liquid scintillation counter. The rate of choline phosphate formation was calculated to represent enzyme activity.
Lucigenin measurement of NADPH oxidase activity in kidney tissue
Superoxide production in isolated renal tubular cells was measured with the use of lucigenin chemiluminescence as described previously (Cheng et al. 2016) . In brief, 200 μg of tissue homogenate and 5 μmol/l lucigenin were added into each well of a 96-well microplate and then incubated at 37°C for 10 min. Chemiluminescence was recorded by a chemiluminescence reader (BLR-201, Aloka, Twinsburg, OH, USA).
Western blot
Culture of NRK-52E cells, isolation of renal tubular cells, and western blotting, were performed as described previously Bao et al. 2010; Cheng et al. 2011) . Briefly, after boiling for 5 min at 95°C in 5× loading buffer, cell or kidney protein was subjected to SDS-PAGE, transferred onto a PVDF membrane and blocked by solution with dry milk. The membrane was probed with the following primary antibodies: SMPD1 (Abcam, ab83354), Atp6v1e2 (Novus Biological, Littleton, CO, USA, NBP2-15519), E-cadherin (Abcam, ab76055), fibronectin (Abcam, ab45688), α-SMA (R&D Systems, MAB1420), FSP-1 (Abcam, ab197896), collagen I (Abcam, ab21287), p-Erk1/2 (Cell Signaling, Danvers, MA, USA, 9101), t-Erk1/2 (Cell Signaling, 4696), aquaporin-1 (Abcam, ab46182) N-cadherin (Abcam, ab18203), aminopeptidase A (Abcam, ab36122), uromucoid (Abcam, ab217354), monocyte chemoattractant protein-1 (MCP-1, Abcam, ab25124), intercellular cell adhesion molecule-1 (ICAM-1, Abcam, ab171123), Nox4 (Abcam, ab109225) and tumour necrosis factor-α (TNF-α, Abcam, ab9755), overnight at 4°C followed by incubation with HRP-labelled secondary antibody (1:5000, Santa Cruz Biotechnology); β-actin was detected by using HRP-labelled anti-GADPH antibody (1:5000, Santa Cruz Biotechnology) as a loading control. The immunoreactive bands were detected by chemiluminescence methods and visualized on Kodak Omat X-ray films. Densitometric analysis of the images obtained from X-ray films was performed using the Image J software (NIH, Bethesda, MD, USA).
RNA extraction and quantitative real-time PCR
Total RNA from kidney was extracted using TRIzol solution (Life Technologies, Inc., Rockville, MD, USA). cDNA was generated by using oligo (dT) primer and PrimeScript RT Reagent Kit (Takara, Shiga, Japan). Quantitative PCR (qPCR) was performed and analysed by kinetic real-time PCR using the ViiA 7 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) with SYBR Premix Ex Taq TM (Takara) for relative quantification of the indicated genes. The sequence of primers was as follows: Atp6v1e2, sense, 5'-GAGGAAGGTGTACGTGTTCTATG-3' , antisense, 5'-AGAACCCAGAAGTCGTCAAAG-3'; SMPD1, sense, 5'-CAGTTCTTTGGCCACACTCA-3' , antisense, 5'-CGGCTCAGAGTTTCCTCATC-3'; MCP-1, sense, 5'-TATGCAGGTCTCTGTCACGC-3' , antisense, 5'-AAG-TGTTGAACCAGGATTCACA-3'; ICAM-1, sense, 5'-CC-TGGGTCATAATTGTTGGTG-3' , antisense, 5'-AGG-AAGTCAGCCTTTCTTGG-3'; TNF-α, sense, 5'-AAA-TGGGCTCCCTCTCATCAGTTC-3' , antisense, 5'-TCTG-CTTGGTGGTTTGCTACGAC-3' . Relative gene expressions were calculated in accordance with the Ct method. Relative mRNA levels were expressed based on the values of 2 − Ct as described by Han et al. (2013) .
Statistics
Data are presented as mean ± SEM. Significant differences between and within multiple groups were examined using one-way or two-way ANOVA for repeated measures, followed by Duncan's multiple-range test. A Student's t-test was used to detect significant differences between two groups. P < 0.05 was considered statistically significant.
Results
TGF-β1 induced the MRs-redox signalling pathway in renal tubular cells
The effect of TGF-β1 on MR clustering in renal tubular cells was first evaluated by staining with labelling of ganglioside GM1 coupled with a specific marker cholera toxin B (CTXB) subunit. Figure 1A shows that MRs were diffusely distributed across the cell membrane under control conditions as indicated by the weak, diffused green fluorescence. Upon stimulation with TGF-β1 at 10 ng/ml for 20 min, clustering of MRs occurred, as indicated by the formation of brighter patches of green fluorescence. Summarized data in Fig. 1A show that only a small percentage of the resting cells exhibited these clusters (15.6%), 5 ng/ml TGF-β1 significantly increased MR clustering, and 10 ng/ml TGF-β1 reached the highest stimulatory effect on MR clustering in renal tubular cells.
We then evaluated whether inhibition of Atp6v1e2 and SMPD1 would attenuate TGF-β1-induced MR formation and ROS production given that previous studies show that both proteins are critical in MR formation and NADPH oxidase activation. Figure 1B shows that the transfection of both shRNAs significantly inhibited TGF-β1-induced MR formation (Control, 15.6 ± 1.13%; TGF-β1, 50.8 ± 4.18%; TGF-β1 + Atp6v1e2 shRNA, 18.4 ± 3.4%; TGF-β1 + SMPD1 shRNA, 20.5 ± 2.2%. P< 0.05 TGF-β1 vs. other groups). Accordingly, TGF-β1 significantly increased O 2 .
− generation, and this effect was significantly inhibited by Atp6v1e2 shRNA and SMPD1 shRNA (Fig. 1B) . These results indicate that the MRs-redox signalling pathway was activated in response to TGF-β1 stimulation in renal tubular cells.
Involvement of the MRs-redox signalling pathway in TGF-β1-induced EMT in renal tubular cells
It has been shown that NADPH oxidase-derived ROS mediate TGF-β1-induced EMT in renal tubular cells, so we determined whether the MRs-redox signalling pathway is involved in TGF-β1-induced EMT. As shown in Fig. 2 , TGF-β1 significantly decreased the showing the inhibitory effect of Atp6v1e2 shRNA and SMPD1 shRNA on TGF-β1-induced decrease in the epithelial marker E-cad, and increases in mesenchymal markers α-SMA and FSP-1. C, representative images showing the inhibitory effect of Atp6v1e2 shRNA and SMPD1 shRNA on TGF-β1-induced decreases in the epithelial marker E-cadherin, and increases in mesenchymal markers α-SMA and FSP-1 by immunofluorescence microscopy assay. E-Cad, E-cadherin; α-SMA, α-smooth muscle actin; FSP-1, fibroblast-specific protein-1. Results are the means ± SEM of measurements from five separate preparations. * P < 0.05, † P < 0.05 and # P < 0.05 vs. other groups for E-cadherin, α-SMA and FSP-1, respectively. [Colour figure can be viewed at wileyonlinelibrary.com]
epithelial marker E-cadherin, and increased mesenchymal markers including cytoskeletal protein α-SMA and signal transduction protein FSP-1, indicating that EMT occurred in response to TGF-β1 stimulation. In cells pre-treated with Atp6v1e2 shRNA and SMPD1 shRNA, TGF-β1-induced EMT was significantly inhibited, as indicated by the increase in epithelial marker E-cadherin, and decrease in mesenchymal markers α-SMA and FSP-1 compared with the TGF-β1-treated group (Fig. 2) . These results indicate that the MRs-redox signalling pathway contributes to TGF-β1-induced EMT.
Atp6v1e2 shRNA and SMPD1 shRNA attenuated TGF-β1-induced Erk1/2 phosphorylation in renal tubular cells
It has been shown that Erk1/2 phosphorylation is a downstream regulator of ROS and plays a critical role in TGF-β1-induced EMT. We thus determined whether MR-derived ROS were involved in TGF-β1-induced Erk1/2 phosphorylation. As shown in Fig. 3 , TGF-β1 time-dependently increased Erk1/2 phosphorylation. When the cells were treated with Atp6v1e2 shRNA and SMPD1 shRNA, the stimulatory effect of TGF-β1 was almost fully lost (Fig. 3) . These results suggest that the MRs-redox signalling pathway contributes to TGF-β1-induced EMT through Erk1/2 phosphorylation.
Inhibitory effect of simvastatin on TGF-β1-induced ROS production, EMT, and Erk1/2 phosphorylation in renal tubular cells
It has been reported that statins have a protective role in renal EMT and fibrosis, and that ROS are important in mediating the protective effect of statins. We then evaluated whether statins would inhibit TGF-β1-induced ROS production, EMT, and Erk1/2 phosphorylation in renal tubular cells. The results show that simvastatin significantly inhibited TGF-β1-induced ROS production (Control: 1.0 ± 0.07; TGF-β1: 1.82 ± 0.13; TGF-β1 + Sim: 1.15 ± 0.08). Furthermore, simvastatin significantly inhibited TGF-β1-induced EMT, and Erk1/2 phosphorylation in renal tubular cells (Fig. 4) . These results suggest that the protective effect of statins involves decreasing ROS and subsequent Erk1/2 and EMT in renal tubular EMT.
Effects of Atp6v1e2 shRNA and SMPD1 shRNA on systolic blood pressure and renal blood flow in AngII-infused rats Figure 5A shows that chronic AngII infusion caused a significant systolic blood pressure increase. There was no difference in AngII-induced increases in systolic pressure showing the inhibitory effect of simvastatin on TGF-β1-induced decrease in epithelial marker E-cad, and increases in mesenchymal markers α-SMA and FSP-1. C, representative western blot images (upper panel) and summarized data (lower panel) showing the inhibitory effect of simvastatin on TGF-β1-induced Erk1/2 phosphorylation. E-Cad, E-cadherin; α-SMA, α-smooth muscle actin; FSP-1, fibroblast-specific protein-1. Results are the means ± SEM of measurements from five separate preparations. * P < 0.05, † P < 0.05 and # P < 0.05 vs. other groups for E-cadherin, α-SMA and FSP-1, respectively in B; * P < 0.05 vs. other groups in C. between rats treated with AngII + control plasmids, AngII + Atp6v1e2 shRNA and AngII + SMPD1 shRNA (Fig. 5A ). As shown in Fig. 5B , there was no difference in renal blood flow among the four animal groups at the end of the treatment. Similarly, there was no difference in body weight among the four animal groups at the end of the treatment (Control, 390.8 ± 13.3 g; AngII, 376.1 ± 9.8 g; AngII + Atp6v1e2, 371.34 ± 12.6 g; AngII + SMPD1 shRNA, 361.3 ± 19.5 g). These results suggest that the effect of Atp6v1e2 shRNA and SMPD1 shRNA was not through the alteration of blood pressure and renal blood flow.
Atp6v1e2 shRNA and SMPD1 shRNA attenuated α-SMA expression and collagen deposition in AngII-infused rats Next, we investigated whether the MRs-redox signalling pathway is involved in renal fibrosis in AngII-infused rats, as EMT plays a critical role in chronic kidney damage. As shown in Fig. 6A , AngII-infused rats displayed more collagen deposition as determined by Masson staining in the kidney interstitium compared to that in control rats. The renal fibrotic changes were further assessed by fibronectin and α-SMA immunostaining for activated myofibroblasts, which are the major components of the intracellular matrix. As shown in Fig. 6A , AngII infusion resulted in a substantial increase in activated fibroblasts in the interstitium and renal tubules, and these changes were significantly inhibited in AngII-infused rat kidney transfected with Atp6v1e2 shRNA and SMPD1 shRNA.
The changes of fibronectin, α-SMA and collagen deposition were further examined by western blot assay. As shown in Fig. 6B and C, the expression of fibronectin, α-SMA and collagen I was significantly increased in kidney from AngII-infused rats. Treatment with Atp6v1e2 shRNA and SMPD1 shRNA significantly reduced the AngII-induced deposition of collagen, as well as increased expression of fibronectin and α-SMA (Fig. 6B, C) . These results suggest that the MRs-redox signalling pathway contributes to AngII-induced renal fibrosis.
Atp6v1e2 shRNA and SMPD1 shRNA attenuated clustering of Nox4 in MR domains, SMPD1 activation and ROS production in renal tubular cells isolated from AngII-infused rats
We then further examined the changes of the MRs-redox signalling pathway in renal tubular cells from AngII-infused rats. Renal tubular cells were collected by Percoll density gradient centrifugation, and these isolated renal tubular cells were used for three-layer flotation assays, SMPD1 activity measurement and ROS production. As shown in Fig. 7A , expression of flotillin-1, a specific MR marker, was primarily found in the fractions (fraction 2-4) between the 5% and 30% gradients. Nox4 was mainly located in the non-MR domain in kidney from control rats, and it was mainly detected in the MR domain in kidney from AngII-infused rats (Ctrl, 6.4 ± 0.7%; AngII, 34.1 ± 3.8%; AngII + Atp6v1e2 shRNA, 7.2 ± 1.4%; AngII+ SMPD1 shRNA, 8.7 ± 1.9%). SMPD1 activity and ROS production were also significantly increased in renal tubular cells from AngII-infused rats (Fig. 7B,  C) . As expected, the increased translocation of Nox4 in the MR domain, SMPD1 activity and ROS production were significantly attenuated in renal tubular cells from AngII-infused rats treated with Atp6v1e2 shRNA and SMPD1 shRNA (Fig. 7A-C) . These results suggest that the MRs-redox signalling pathway was activated in kidney from AngII-infused rats. It has been shown that inflammation plays a critical role in renal fibrosis, and we then evaluated whether inhibition of the MRs-redox signalling pathway would attenuate increased expression of inflammatory factors. As shown in Fig. 8 , the mRNA and protein levels of MCP-1, TNF-α and ICAM-1 were significantly increased in kidney from AngII-infused rats compared with that from control rats. Notably, the increased expression of all three subunits was decreased to the control level in kidney from AngII-infused rats treated with Atp6v1e2 shRNA and SMPD1 shRNA. These results indicate that the MRs-redox signalling pathway was involved in renal inflammation in AngII-infused rats.
Discussion
In the present study, we evaluated whether the MRs-redox signalling pathway is involved in TGF-β1-induced renal tubular EMT and renal fibrosis. We used Atp6v1e2 shRNA plasmid and SMPD1 shRNA plasmid to specifically decrease the expression of both enzymes. Our results show that both shRNA treatments prevented TGF-β1-induced EMT. Further in vivo study shows that the MRs-redox signalling pathway was activated in kidney from AngII-infused rats as indicated by increased translocation of NADPH oxidase to the MR domain, increased SMPD1 activity and increased ROS production. Notably, these changes were significantly inhibited when Atp6v1e2 shRNA and SMPD1 shRNA were transfected to the kidney. Meanwhile, renal fibrosis and inflammation were also significantly inhibited in kidney from AngII-infused rats. These results suggest that the MRs-redox signalling pathway was involved in TGFβ-1-induced renal tubular EMT and renal fibrosis/inflammation.
First, the present study shows that TGF-β1 induced the formation of MR clusters on the cell membrane of renal tubular cells by using confocal microscopic analysis with CTX as a marker. CTX specifically binds to ganglioside GM1, which partitions into MRs, and so has been extensively used to evaluate MR clustering in endothelial cells in our previous studies , as well as in other labs (Wang et al. 2013) . It has been shown that NADPH oxidase-derived ROS play a critical role in EMT in response to various stimulators such as TGF-β1, AngII and glucose (Rhyu et al. 2005; Chang et al. 2011; Liu et al. 20122; He et al. 2015; Das et al. 2016; Xu et al. 2017) , and that ROS mediate TGF-β1-induced renal tubular epithelial cells, hepatic stellate cells and pulmonary fibroblasts transdifferentiation (Rhyu et al. 2005; Bocchino et al. 2010; Ghatak et al. 2011) . Consistent with these findings, the present study shows that increased ROS production via the MRs-redox signalling pathway was involved in TGF-β1-induced EMT in western blot and immunofluorescence assays. In contrast to previous studies showing that increased expression of NADPH oxidase subunits is responsible for these changes (Bondi et al. 2010) , this finding provides a new mechanism in which TGF-β1 activated NADPH oxidase through the MRs-redox signalling pathway without the change in NADPH oxidase expression. This finding is consistent with our previous studies showing that the MRs-redox signalling pathway is activated in response to FasL, TRAIL and AngII in coronary arterial endothelial cells and mesenteric endothelial cells Han et al. 2011 Han et al. , 2012 Li et al. 2013) . Furthermore, we show that Erk1/2 was involved in MR-mediated EMT in renal tubular cells, which is consistent with previous studies showing that Erk1/2 plays a critical role in renal tubular cells and in mammary gland epithelial cells (Rhyu et al. 2005; Bondi et al. 2010; Zhu et al. 2012) . It has been reported that statins have a protective effect on renal fibrosis, and this effect may be caused by its inhibitory effect on renal EMT (Patel et al. 2006; Chade et al. 2008) . Furthermore, it has been shown that statins inhibited TGF-β1-induced ROS production and Erk1/2 phosphorylation in renal tubular cells (Yoshikawa et al. 2010; Ishibashi et al. 2012) . Consistent with these studies, the present study shows that simvastatin effectively inhibited GF-β1-induced ROS, Erk1/2 phosphorylation and EMT in renal tubular cells.
Furthermore, we used three-layer flotation to evaluate the change of MR components by using proximal tubular cells isolated from kidney (Brendler-Schwaab & Herbold, 1997; Yi et al. 2009 ). It was found that the MRs-redox signalling pathway was activated, as indicated by the increased fraction of Nox4 in the MR domain, increased SMPD1 activity and ROS production in renal tubular cells isolated from kidney in AngII-infused rats. Importantly, these changes were significantly inhibited by Atp6v1e2 shRNA and SMPD1 shRNA, two critical enzymes in the MRs-redox signalling pathway. These in vivo findings are consistent with cell studies showing increased ROS production, increased Nox4 translocation and SMPD1 activation when the MRs-redox signalling pathway was activated in renal tubular cells in the present study, and in coronary endothelial cells and mesenteric endothelial cells in previous studies (Han et al. 2011 (Han et al. , 2016 . Of note, the present study extended our previous cell studies by showing that this MRs-redox signalling was activated and contributed to ROS production in AngII-infused rats.
Consistent with previous studies showing that NADPH oxidase activation contributes to renal fibrosis, the present study demonstrates that inhibition of the MRs-redox signalling pathway with Atp6v1e2 shRNA and SMPD1 shRNA significantly attenuated renal fibrosis in AngII-infused, rats as indicated by the decreased expression of fibronectin and collagen I in kidney from AngII-infused rats. These findings are consistent with a previous study showing that the SMPD1 inhibitor amitriptyline improved renal function and renal fibrosis in a unilateral ureter obstruction (UUO) animal model (Achar et al. 2009 ). Furthermore, Cao et al. (2012) demonstrated that Atp6v1e2-mediated pH change was involved in TGF-β1-induced EMT in rat renal tubular cells, which also plays a critical role in MR formation . Importantly, the present study shows that inhibition of the MRs-redox signalling pathway decreased the expression of EMT marker α-SMA. It has been reported that tubulointerstitial fibrosis, a major J Physiol 596.16 feature of diabetic nephropathy, occurs due to the accumulation of interstitial ECM such as fibronectin, collagen I and collagen IV derived from activated fibroblasts/myofibroblasts in the kidney (Gilbert & Cooper, 1999; Zeisberg et al. 2001) . Although the origin of myofibroblasts remains controversial, EMT is well recognized as an important source of myofibroblasts (Kalluri & Neilson, 2003) . Myofibroblasts that express α-SMA as the cell marker are a major source of ECM production. Indeed, it has been demonstrated that up to one-third of all disease-related fibroblasts can originate from tubular epithelia at the site of injury through EMT (Iwano et al. 2002) , suggesting that EMT is one of the major mechanisms of tubulointerstitial fibrosis. These studies are consistent with our present study by showing that MRs-redox signalling contributes to TGFβ-1-mediated EMT in renal tubular cells and that this MRs-redox-mediated EMT contributes to renal fibrosis in kidney from AngII-infused rats.
It has been shown that the intracellular ROS in renal cells, such as tubular epithelial cells, mesangial cells and fibroblasts, were mainly derived from NADPH oxidases, which were up-regulated in diabetic nephropathy (Li & Shah, 2003; Gill & Wilcox, 2006; Bedard & Krause, 2007) . In particular, tubular cells are an important source of ROS in the kidney (Ricardo & Diamond, 1998) . ROS mediate multiple cellular functions, including proliferation, apoptosis, migration and differentiation, and ROS at low concentrations can be used as signal transduction molecules (Liu et al. 2014) . It has been reported that ROS can stimulate inflammatory effects in various organs including kidney (Turgut & Bolton, 2010; Sedeek et al. 2013) . Consistent with these findings, the present study shows that inhibition of the tubular MRs-redox signalling pathway effectively inhibited the increase of MCP-1, ICAM-1 and TNF-α in kidney from AngII-infused rats. These studies suggest that decreased inflammation may contribute to the protective effect of MRs-redox inhibition on renal fibrosis (Jiang et al. 2007; Babelova et al. 2012; Lee et al. 2012; Sedeek et al. 2013) .
In summary, the present study has demonstrated that the MRs-redox signalling pathway is involved in TGF-β1-induced EMT in renal tubular cells and contributes to chronic kidney damage in AngII-induced hypertensive rats. Given the high oxidative status in chronic kidney diseases, this finding may provide a pharmacological target for the prevention and treatment of renal fibrosis.
